Abstract: Until recently, the treatment of patients with advanced non-small-cell lung cancer (NSCLC) whose tumors did not have a targetable genetic alteration was cytotoxic chemotherapy alone. This treatment provided only modest survival benefit. The introduction of immune checkpoint inhibitors targeting programmed cell death 1 protein (PD-1) signaling pathway in the treatment of patients with NSCLC has had significant effect on patient survival. Atezolizumab, nivolumab and pembrolizumab have been shown to be superior to chemotherapy in patients with recurrent NSCLC. Recently, pembrolizumab has been combined with chemotherapy in the front-line setting and has demonstrated an improvement in overall survival in NSCLC patients as compared to chemotherapy alone. In this review we will focus on the clinical trials that led to approval of combination pembrolizumab and chemotherapy as first-line treatment for patients with advanced NSCLC as well as discuss other combinations of immunotherapy and chemotherapy that have also been evaluated.
Introduction
It has become increasingly more evident that the host immune system is integral to tumor survival as the ability to avoid host immune destruction as well as promote inflammation are now recognized as "hallmarks" of cancer. 1 In the past decade, much research has been undertaken to understand host immunity and tumor interaction and has led to multiple treatments designed to enhance host immunity against tumor cells. 2-4 These treatments were largely based on immune checkpoints, which exist to decrease the immune response to protect the host against damaging inflammation and autoimmunity. [4] [5] [6] These same immune checkpoints are used by cancer cells in order to evade host immune response. Therefore, agents were formulated against these immune checkpoints in order to relieve the inhibition placed on the host immune system thus allowing for immune-mediated destruction of the tumor.
In advanced non-small-cell lung cancer (NSCLC) there are currently three FDA-approved checkpoint inhibitors based on randomized trials that demonstrated survival advantage with these agents in recurrent NSCLC (Figure 1 ). Nivolumab and pembrolizumab are monoclonal antibodies targeting the programmed death receptor 1 (PD-1) receptor, atezolizumab, a monoclonal antibody, targets programmed death ligand 1 (PD-L1). Furthermore, certain patients with advanced NSCLC treated with checkpoint inhibitors have experienced durable, long-term responses adding to the excitement of these drugs. These results prompted evaluation of these agents in the front-line management of advanced NSCLC. In this review, we will examine the clinical trial data that evaluated the combination of chemotherapy with immune checkpoint inhibitors for the front-line treatment of advanced NSCLC patients.
Immunotherapy Pembrolizumab
Pembrolizumab is an immunoglobulin G (IgG)4 monoclonal antagonist antibody to PD-1 that is approved for firstline treatment of patients with advanced EGFR/anaplastic lymphoma kinase (ALK) wild-type NSCLC whose tumors have ≥50% PD-L1 expression based on the 22C3 pharmDx test. Pembrolizumab was first approved in 2015 for use as secondline treatment for patients with lung cancer. This was based on the KEYNOTE 001 and KEYNOTE 010 trials. KEYNOTE 001 was a Phase I trial assessing efficacy of pembrolizumab in paitents with advanced NSCLC. Objective response rate (ORR) was 19.4% (95%CI: [16] [17] [18] [19] [20] [21] [22] [23] with median overall survival (OS) of 12 months (95%CI: 9.3-14.7). Interestingly, patients with at least 50% PD-L1 tumor expression had ORR of 45.2% (95%CI: 33.5-57.3) and median OS was not reached. 7 The KEYNOTE 010 trial was a Phase II/III trial that compared pembrolizumab to docetaxel in patients with advanced NSCLC who previously received treatment. Compared to docetaxel, improved median OS was observed with pembrolizumab at 2 mg/kg and 10 mg/kg-10. Given the benefit of pembrolizumab in advanced NSCLC with tumors expressing at least 50% PD-L1, trials were designed to determine the benefit of pembrolizumab as first-line therapy. The KEYNOTE-024 trial, was a Phase III study comparing pembrolizumab monotherapy 
Atezolizumab
Atezolizumab is an IgG1 antagonist antibody to PD-L1 engineered to avoid antibody-dependent, cell-mediated cytotoxicity of activated T cells that may express PD-L1. Atezolizumab is FDA approved for treatment of patients with metastatic NSCLC whose disease has progressed following platinum-containing chemotherapy. In the Phase III OAK trial, 1,225 patients with advanced NSCLC, PD-L1 unselected, treated with one or more platinum-based combination therapies were randomized to either single agent atezolizumab (1,200 mg IV every 3 weeks) or docetaxel. The results of this study were comparable to those observed with pembrolizumab and nivolumab. 13, 14 First-line atezolizumab monotherapy was recently studied in patients with locally advanced or metastatic NSCLC, PD-L1-unselected (B-F1RST trial). In this trial, 152 patients received atezolizumab 1,200 mg every 3 weeks until disease progression or loss of clinical benefit. The authors were interested in assessing whether bloodbased TMB can be used as a biomarker to predict benefit from atezolizumab. High TMB was defined as ≥16 (mutations per megabase) while low TMB was defined as as <16 (mutations per megabase). ORR in patients with high TMB vs low TMB was 28.6% compared to 4.4%. PFS in TMB high vs TMB low patients was 4.6 months compared to 3.7 months (HR: 0.66; 90%CI: 0.42-1.02). 15 Based on these interim results there is an ongoing randomized Phase III study, the B-FAST trial (NCT03178552) comparing atezolizumab to platinum-based chemotherapy in patients with high TMB based on a blood based assay. In addition, the BIRCH trial was a Phase II trial designed to examine the use of atezolizumab 1,200 mg every 3 weeks as monotherapy in patients with advanced NSCLC who had received zero to up to two lines of treatment and had PD-L1 expression ≥5% based on the SP142 immunohistochemistry assay. 
Chemotherapy plus pembrolizumab
Until recently, chemotherapy or immunotherapy alone had been standard first-line treatment for patients with advanced NSCLC without a targetable genetic alteration. Some studies suggest that many of the antitumor effects of chemotherapy are mediated through the immune system. Chemotherapy reduces T-regulatory cell activity and increases the ratio of cytotoxic T-lymphocytes to T-regulatory cells. 19, 20 Another study demonstrated that chemotherapy inhibits myeloid-derived suppressor cells. 21 Cytotoxic chemotherapy also enhances presentation of tumor antigens as well as the potential for dendritic cell tumor antigen presentation following destruction of tumor cells. 22, 23 Further, PD-L1 expression on tumor cells can be upregulated by chemotherapy. 24, 25 Therefore, chemotherapy can act as a sensitizing agent to induce increased antitumor activity of PD-L1 and PD-1 antagonist antibodies. It is not clear if these immune based effects of chemotherapy drugs are clinically relevant or whether they significantly differ among different chemotherapeutic agents but formed the basis for evaluation of drugs targeting PD(L)-1 in combination with chemotherapy. One of the first randomized studies to evaluate the combination of chemotherapy with a checkpoint inhibitor was Keynote 21G. In the Phase I portion of Keynote 21G toxicity and clinical activity of combination chemotherapy and immunotherapy were explored. [26] [27] [28] [29] The KEYNOTE-021 study demonstrated that addition of pembrolizumab to either carboplatin plus paclitaxel (cohort A); carboplatin, paclitaxel and bevacizumab (cohort B); or carboplatin plus pemetrexed (cohort C) had manageable safety profiles in cohorts A and C with the greatest antitumor activity in cohort C (75% ORR, PFS of 10.2 months; 95%CI: 6.5-13.9). 27 Therefore, Langer et al 30 sought to compare the efficacy and safety of pembrolizumab plus carboplatin and pemetrexed verus carboplatin and pemetrexed as first-line treatment in patients with advanced NSCLC with nonsquamous histology in the randomized Phase II study, Keynote 21G. In this trial 123 patients were randomized (1:1), stratified by PD-L1 tumor proportion score (<1% or ≥1%) to receive either four cycles of pembrolizumab plus carboplatin and premetrexed followed by pemetrexed and pembrolizumab maintenance therapy for 24 months or four cycles of carboplatin and pemetrexed alone followed by indefinite pemetrexed maintenance therapy. The primary endpoint was ORR with secondary endpoints of PFS, duration of response, OS and correlation between PD-L1 expression levels and antitumor activity. ORR was superior in patients treated with pembrolizumab plus carboplatin and pemetrexed (55%; 95%CI: 42-68) compared to chemotherapy alone (29%; 95%CI: 18-41). PFS was significantly longer with combination therapy compared to chemotherapy alone (HR: 0.53; 95%CI: 0.31-0.91). Median PFS was 13 months for combination therapy vs 8.9 months with chemotherapy alone with estimated 6 month PFS of 77% vs 63%. At the time of data cut-off no difference in OS was noted between treatment groups (HR: 0.90; 95%CI: 0.81-0.96) and 6-month survival was 92% in both treatment groups. 30 31 The most common treatment-related events were fatigue (64% in pembrolizumab + chemotherapy group vs 40% in chemotherapy alone group), nausea (58% vs 44%), and anemia (32% vs 53%). Patients treated with pembrolizumab plus chemotherapy had increased incidence of rash (27% vs 15%) and alopecia (14% vs 3%). Incidence of adverse events (AEs) based on presumed immunological mechanisms was 22% in the pembrolizumab plus chemotherapy group vs 11% in the chemotherapy alone group. However, the incidence of immune related AEs were no more than what would be expected with pembrolizumab alone. There was a low number of grade 3 skin reactions (2% in both groups) and grade 3 pneumonitis (2% in pembrolizumab plus chemotherapy group). The most common immune-mediated AEs of any grade in the pembrolizumab plus chemotherapy group were hypothyroidism (15%), hyperthyroidism (8%) and pneumonitis (5%). Given these results, carboplatin, pemetrexed, and pembrolizumab were granted accelerated FDA approval for patients with advanced, untreated, nonsquamous NSCLC.
More recently, in a Phase III, double-blind, placebocontrolled KEYNOTE-189 trial, Gandhi et al compared the combination of pembrolizumab or placebo plus pemetrexed and a platinum-based drug in patients with advanced, nonsquamous NSCLC with any level of PD-L1 level expression. The co-primary endpoints of the study were OS and PFS. Six hundred and sixteen patients with metastatic nonsquamous NSCLC who were treatment-naïve were randomized (2:1). At median follow-up (10.5 months) the estimated OS at 12 months was 69.2% (95%CI: 64.1-73.8) in the pembrolizumab-combination group, compared to 49.4% in the placebo combination. The median OS was not reached in the pembrolizumabcombination group and was 11.3 months in the placebocombination group (HR: 0.49; 95%CI: 0.38-0.64; P<0.0001). The benefit of pembrolizumab combination was noted across all levels of tumor PD-L1 expression in patients (Table 1) . Median PFS was 8.8 months in the pembrolizumab-combination group (95%CI: 7.6-9.2) while 4.9 months in the placebo-combination group (95% CI: 4.7-5.5) (HR: 0.52; 95%CI: 0.43-0.64; P<0.0001).
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OS and PFS outcomes did not change depending on platinum used. Adverse events of any cause occurred in 99.8% of the patients in pembrolizumab-combination group vs 99% of patients in the placebo-combination group. Grade 3 or higher events occurred in 67.2% vs 65.8% of patients, respectively. AEs led to 27 (6.7%) deaths in the pembrolizumab group vss 12 (5.9%) in placebo group. The most common adverse effects were nausea (55.6% vs 52.0%), anemia (46.2% vs 46.5%) and fatigue (40.7% vs 38.1%). Diarrhea and rash were reported more frequently in at least 10% of patients in the pembrolizumab group compared to the placebo group. Immune-mediated AEs occurred in 22.7% of patients treated with pembrolizumab combination vs 11.9% of patients treated with placebo combination. These events were grade 3 or higher in 8.9% vs 4.5%, respectively. AEs led to discontinuation of all trial drugs in 13.8% of patients in the pembrolizumab-combination group and 7.9% of patients in the placebo-combination group. Three immune-mediated AEs (pneumonitis) led to death in the pembrolizumab combination group. From these studies, it is now an accepted approach to treat patients with advanced, nonsquamous NSCLC with pemetrexed and a platinum-based drug plus pembrolizumab. Recently, combination immunotherapy and chemotherapy has been studied in patients with advanced squamous NSCLC ( Table 2 ). The Phase III KEYNOTE 407 trial randomized 559 patients with untreated metastatic squamous NSCLC in a 1:1 ratio to receive either pembrolizumab or saline placebo, plus carboplatin and either paclitaxel or nab-paclitaxel. At median follow-up of 7.8 months, PFS was 6.4 months in the pembrolizumab-combination group vs 4.8 months in the placebo-combination group (HR: 0.56; 95%CI: 0.45-0.70). OS was 15.9 months vs 11.3 months (HR: 0.64; 95%CI: 0.49-0.85) in patients treated with pembrolizumab plus chemotherapy vs placebo plus chemotherapy. 33 PFS and OS outcomes did not change based on taxane used. This lead to FDA approval for pembrolizumab plus chemotherapy (carboplatin plus nab-paclitaxel or paclitaxel) in patients with advanced NSCLC with squamous histology. One outstanding question that remains to be answered is whether patients treated with pembrolizumab-combination have better survival compared to patients treated with pembrolizumab monotherapy, in those patients with ≥50% PD-L1 tumor expression. In a subset analysis of KEYNOTE 189 based on PD-L1 expression, survival benefit with chemotherapy and pembrolizumab was greater in patients with tumor PD-L1 expression ≥50% (HR: 0.42) than in patients with lower PD-L1 expression (HR: 0.55) or no PD-L1 expression (HR: 0.59). In addition, this survival benefit among patients with tumor PD-L1 expression of ≥50% appears to be greater than the survival benefit with pembrolizumab alone compared to chemotherapy in KEYNOTE 024 (HR: 0.60) and KEYNOTE 042 (HR: 0.69). Similar differential efficacy of the combination of pembrolizumab with chemotherapy was not observed in KEYNOTE 407 conducted in squamous cell patients and the survival benefit in patients with tumor PD-L1 expression ≥50% (HR: 0.64) in this study does not appear to be better than pembrolizumab alone. Thus, it is possible that in patients with nonsquamous NSCLC, combination pembrolizumab with chemotherapy may provide an added survival benefit in patients with tumor PD-L1 expression ≥50% than pembrolizumab alone, however, this benefit may not necessarily be observed in squamous cell patients. Such inferences based on across-trial comparisons should be viewed with a high level of caution. Studies specifically assessing the role of combination chemotherapy in addition to pembrolizumab in patients with tumor PD-L1 expression ≥50% are warranted.
It will also be important to understand if TMB plays a role in helping to determine which patients with advanced, nonsquamous NSCLC will respond more robustly to pembrolizumab-combination treatment. Altogether, chemotherapy plus pembrolizumab appears to be more efficacious than chemotherapy alone in patients with advanced, nonsquamous NSCLC.
Chemotherapy + immunotherapy (other combinations)
Other combinations of chemotherapy and immunotherapy agents have recently been studied in patients with advanced NSCLC (Table 1 ). The IMpower150 trial randomized 1,202 patients irrespective of PD-L1 status with advanced, nonsquamous NSCLC to first-line carboplatin and paclitaxel every 3 weeks combined with either atezolizumab (1,200 mg IV every 3 weeks), atezolizumab plus bevacizumab or bevacizumab alone. Primary endpoints were PFS and OS and compared atezolizumab, Overall survival was also measured in patients treated with atezolizumab plus carboplatin and paclitaxel vs carboplatin, paclitaxel and bevacizumab and no significant difference was observed (HR: 0.88; 95%CI: 0.72-1.08).
It should be noted that this trial enrolled patients with EGFR or ALK positive NSCLC (who had received at least one line of targeted therapy) and in subgroup analysis OS and PFS was noted to benefit these patients treated with the atezolizumab combination compared to the nonatezolizumab combination. 34 Recently the FDA approved the carboplatin, paclitaxel, bevacizumab and atezolizumab as front-line therapy for nonsquamous NSCLC patients without EGFR or ALK genetic alterations.
The IMpower132 study also assessed atezolizumab plus combination chemotherapy combination. This was a Phase III randomized trial of patients with advanced, nonsquamous NSCLC. Patients were randomized to either atezolizumab plus pemetrexed and platinum-based chemotherapy (cisplatin or carboplatin) or chemotherapy alone. Interim analysis demonstrated increased PFS with atezolizumab combination vs chemotherapy alone, 7.6 vs 5.2 months (HR: 0.60; 95%CI: 0.49-0.72). OS was also improved, 18.1 vs 13.6 months (HR: 0.81; 95%CI: 0.64-1.03) however, this was not significant at interim analysis. 35 It should be noted that these results appear to be similar to the results observed in KEYNOTE-189. Treatment with atezolizumab plus chemotherapy has also been evaluated in patients with squamous NSCLC ( Table 2 ). The IMpower131 trial is a randomized Phase III trial which enrolled patients with advanced squamous cell lung cancer. Patients received either atezolizumab plus carboplatin and paclitaxel or nab-paclitaxel vs chemotherapy (carboplatin and nab-paclitaxel). Interim analysis demonstrated improved PFS of 6.3 months vs 5.6 months in patients treated with atezolizumab plus carboplatin and nab-paclitaxel vs chemotherapy alone (HR: 0.715; 95%CI: 0.603-0.848). 36 PFS benefit was irrespective of PD-L1 status. However, a statistically significant OS benefit was not observed at interim analysis.
Nivolumab has also been studied in combination with chemotherapy in patients with advanced NSCLC. The Phase I CheckMate 012 trial enrolled patients with Stage IIIb and IV, chemotherapy-naïve NSCLC and randomized patients to nivolumab 1 mg/kg every 2 weeks plus ipilimumab 1 mg/kg every 6 weeks, nivolumab 3 mg/kg every 2 weeks plus ipilimumab 1 mg/kg every 12 weeks, or nivolumab 3 mg/kg every 2 weeks plus ipilimumab 1 mg/kg every 6 weeks until disease progression, unacceptable toxicities or withdrawl of consent. The study demonstratd that nivolumab plus ipilimumab had a tolerable safety profile and demonstrated a confirmed ORR of approximately 47% (95%CI: 31-64) in patients treated with 12 week ipilimumab and 38% (95%CI: 23-55) in patients treated with 6-week ipilimumab. 37 More recently, results from the CheckMate 568 trial were published. This Phase II trial evaluated the efficacy and safety of nivolumab 3 mg/kg every 2 weeks plus low-dose ipilimumab (1 mg/kg every 6 weeks) in patients with advanced or metastatic NSCLC. Primary end point was ORR in patients with 1% or more and less than 1% PD-L1 expression. Efficacy on the basis of TMB was also assessed as a secondary endpoint. ORR was 41% in patients with 1% or more PD-L1 expression and 15% in patients with less than 1% expression. Patients with TMB of 10 or more mutations/ megabase portended a higher ORR, 48% vs patients with less than 10 mutations/megabase, 18%. PFS was also longer in patients with high TMB (10 or more mutations/megabase) vs lower TMB (fewer than 10 mutations/Mb), 7.1 (95%CI: 3.6-11.3) vs 2.6 months (95%CI: 1.4-5.4). 38 The CheckMate 227 trial randomized patients with advanced, untreated NSCLC to histology-matched, platinum doublet chemotherapy, nivolumab plus ipilimumab or either nivolumab alone in patients with tumor PD-L1 expression ≥1% or nivolumab plus chemotherapy in patients with tumor PD-L1 expression ≤1% (Table 3) . Across all the arms, 1,739 patients were enrolled on the trial. One of the co-primary end points of the study was to assess PFS based on TMB. In this trial TMB was determined using the Foundation CDx assay. Previous studies utilizing whole exome sequencing had demonstrated significant clinical benefit with PD-1/PD-L1 inhibitors in patients with high TMB. The results of the first part of the study comparing nivolumab plus ipilimumab to chemotherapy in patients with high TMB (≥10 mutations per megabase) demonstrated increased PFS with nivolumab plus ipilimumab as compared to chemotherapy (7.2 months vs 5.4 months, HR for disease progression or death: 0.58; 97.5% CI: 0.41-0.81). Of the 679 evaluable patients, 44% (299 patients) had high TMB. It was also noted in the study that outcomes were irrespective of PD-L1 tumor expression status. ORR in patients with high TMB was also higher with nivolumab plus ipilimumab (45.3% vs 26.9%). 39 Further preliminary results from CheckMate 227 assessing nivolumab and chemotherapy compared to chemotherapy alone in patients with tumor PD-L1≤1% demonstrated improved PFS with combination nivolumab and chemotherapy (5.6 months vs 4.7 months; HRL 0.74l 95%CI: 0.58-0.94). In subgroup analysis patients receiving nivolumab plus chemotherapy combination therapy who had high TMB tumors derived benefit while those with low TMB tumors did not. 40 Survival advantage has not yet been demonstrated in any of the treatment arms. These studies suggest that TMB may be a biomarker predictive of benefit from nivolumab combinations both with ipilimumab and with chemotherapy. In the future it will be important to understand how both tumor TMB and PD-L1 expression can be used to make treatment decisions.
Conclusion
In conclusion, immunotherapy has demonstrated a significant survival benefit in patients with advanced NSCLC. Recent studies combining chemotherapy and checkpoint inhibition have demonstrated OS benefits in the first-line setting. This combination has become standard of care for patients with advanced NSCLC (Figure 1 ). The excitement surrounding immunotherapy and checkpoint inhibition stems from the durable responses that are observed in some patients with advanced NSCLC. Given these results, understanding how to improve responses and outcomes in patients with advanced NSCLC will be extremely important given the potential for durable responses with immunotherapy. Additional research is needed to further our understanding of the biology underlying those patients that are "exceptional-responders" to immunotherapy.
It will also be important to understand more fully how to incorporate immunotherapy with chemotherapy to improve patient outcomes not only in advanced staged lung cancers but also in early stage disease as well. Already, durvalumab is FDA approved for patients with unresectable, stage III NSCLC. Other studies have explored the use of immunotherapy in the adjuvant setting in patients with early stage NSCLC with results pending. 41 Neoadjuvant immunotherapy is also being studied in early stage NSCLC. A pilot study using neoadjuvant nivolumab in patients with early stage NSCLC demonstrated a 43% response rate as determined by major pathologic response at time of surgery. [41] [42] [43] More recently a phase I study is underway testing pembrolizumab for Stage I and II NSCLC in the neoadjuvant setting and has demonstrated promising results. 44 It should also be noted that several studies included EGFR-positive patients with advanced NSCLC and a recent meta-analysis was completed to assess outcomes in these patients. 45 As mentioned previously the CheckMate 057 trial assessed the use of nivolumab vs docetaxel in the second-line setting for treatment of advanced NSCLC. Approximately 14% of patient enrolled were EGFR-positive median OS was 12.2 vs 9.4 months in patients treated with nivolumab vs docetaxel, however, this was not statistically significant (HR: 1.18; 95%CI: 0.69-2.00). 46 Pembrolizumab has also been assessed in EGFR-positive patients. The KEYNOTE-010 as previously mentioned was a study assessing previously treated patients with advanced NSCLC randomized to pembrolizumab (2 mg/kg and 10 mg/kg) vs docetaxel.
Patients treated with either dose of pembrolizumab demonstrated improve OS as compared to docetaxel, however, this was statistically significant (HR: 0.88; 95%CI: 0.45-1.70). Finally, two studies using atezolizumab in the second-line setting for treatment of patients with advanced NSCLC have included EGFR-positive patients. Both these studies failed to demonstrate a significant improvement in OS. 13, 47 Further studies are needed to assess whether combination or sequential immunotherapy and EGFR tyrosine kinase inhibitor (standard of care for EGFR-positive advanced stage NSCLC) treatment will lead to better outcomes in EGFR-positive patients. Altogether, understanding how to optimize the benefits of immunotherapy for patients with NSCLC will be extremely important in improving patient outcomes.
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